In order to test our experimental facility, we have studied the influence of irradiation parameters (duration, beam intensity, pressure) on the production of hydrogen. In the case of propane, the radiolytic yield value of hydrogen G(H 2 ) is equal to 3.7 for total doses in the range of 0.4 to 2.3
Abstract-
This paper presents a fundamental study of the radiolysis of gaseous organic molecules induced by proton beam. For that purpose, a specific extracted beam line associated with a gas irradiation cell was set up on the 4 MV facility of the Institut de Physique Nucléaire of Lyon. The first experiments have been performed with gaseous alkanes and alkenes. The gaseous species formed during irradiation are analysed by an on-line gas chromatography instrument equipped with two detectors.
In order to test our experimental facility, we have studied the influence of irradiation parameters (duration, beam intensity, pressure) on the production of hydrogen. In the case of propane, the radiolytic yield value of hydrogen G(H 2 ) is equal to 3.7 for total doses in the range of 0.4 to 2.3
MGy at atmospheric pressure.
Introduction
Numerous laboratories have studied the production of hydrogen during the irradiation of gaseous organic compounds principally with γ radiations [1] [2] [3] [4] [5] . Very few results concerning irradiation with protons or alpha particles [6] were published. This can be explained by the instability of some organics materials under vacuum.
In order to analyse samples in air and to irradiate organic or inorganic compounds, at liquid or gaseous state, an extracted beam line was developed on the 4 MV Van de Graaff accelerator of IPN Lyon.
This paper will first present some criteria that have guided the design of this line, and then detailed features of the line and of the irradiation cell.
Identification and quantitative analysis of compounds formed during radiolysis of gaseous hydrocarbons were performed by gas chromatography connected to the irradiation cell.
Finally, we will present the influence of dose rate, dose, pressure and gas mixture on the radiolytic yields of products formed during the radiolysis of propane, butane and butene with proton particles.
Experimental

Characteristics of the extracted beam line
The schematic representation of the extracted beam line is given in figure 1 . The beam is extracted to the air through a 10 micrometers thick Havar window on a 60 mm² surface. The choice of havar is justified by its excellent mechanical properties and its behaviour under irradiation. The 10 micrometers thickness represents a compromise between on one hand energy and angular dispersions resulting from the straggling during the crossing of the sheet and on the other hand the risk of micro crack formation leading to a leakage rate incompatible with the quantitative measurement of hydrogen production under irradiation.
In order to protect the accelerator from the Havar window breakdown, an ultra fast closing valve VAT model 75 (closing time < 10 ms) is fixed at the exit of the analysing magnet vacuum chamber.
That ultra fast closing valve is controlled by fast electronics. The sensor is located after the focusing quadripoles and in the immediate vicinity of the thin window. The distance of 6 meters between the sensor and the ultra fast closing valve is necessary. Moreover, in order to limit vacuum degradation resulting from a window rupture, a fast closing valve (closing time of 1/10 second), is placed immediately upstream of the sensor. Its control is also provided by the fast sensor.
Under normal operation conditions, the diameter of the beam spot is one millimeter. In order to irradiate solids or liquids with homogeneous flux on a well-delimited surface, a sweeping electrostatic device (∆x = ±8 mm, ∆y = ±8 mm) of the beam, not used for gases, was set up.
The cell is made of stainless steel (304L). Owing to the fact that a variation of gas pressure changes the proton ranges by the same factor axially and radially, simulations using the SRIM [7] code allowed the optimisation of the cell dimensions. For protons of 3.0 MeV incident kinetic energy, the energy at the exit window is 2.45 MeV. The ion distributions (figure 2) for two different pressures (500 and 1000 mbar of propane) show that the minimum diameter of the cell must be larger than 12 mm and the length equal to 105 mm, so that most particles are stopped within the gas.
The cell is equipped with three tappings allowing pre emptying of the cell, gas loading and continuous pressure measurement.
Irradiation conditions
In the experiments described below, the dependence of the radiolytic yield values G on irradiation parameters is studied. In order to modify the dose rate, the beam current intensity was varied between 5 and 15 nA. The dose is calculated assuming that protons are stopped in the gas and that the whole cell volume is concerned by irradiation. The cell is emptied with a primary pumping before hydrocarbon introduction. A piezoelectric gauge controls the pressure inside the cell. All G-values are expressed as produced molecules per 100 electron volts. G-values are calculated from the mole number (determined by gas chromatography) and from the proton deposited energy. Propane, butane, and butene were Messer research grade (purity = 99.95%).
Gas analysis
The radiolysis of gaseous hydrocarbons predominantly results in the formation of hydrogen and various saturated and unsaturated organic compounds. The irradiated gas was analysed by gas chromatography. A Chrompack model CP9001 gas chromatograph includes with two analysis channels, equipped with two injection pneumatic valves. The produced gas was identified by comparison of the retention time with those of standard samples. The experimental error is assumed to be about 5% for hydrogen and less than 10% for hydrocarbons.
Results
Dose rate effect on the hydrogen production
Preliminary results shown that G(H 2 ) does not depend on the dose rate below 75 MGy/h: G(H 2 ) is equal to 3.4 molecules per 100 electron volts.
3.2.Dose effect on hydrogen and hydrocarbon production
The total absorbed dose was varied between 0.4 and 2.3 MGy at a constant total pressure of 1 bar and a constant total dose rate of about 50 MGy/h. Saturated and unsaturated hydrocarbons were irradiated: propane, butane, butene and a mixture 1:1 of propane and butene. Figure 3 shows the dependence of the G-values of hydrogen, methane, ethane, ethylene and nbutane formed during propane radiolysis with the total absorbed dose. The identification of other formed hydrocarbons is in progress.
As we can see in figure 3 , the G-values of hydrogen are almost independent on the dose except in the range above 0.8 MGy, where the G-value decrease with increasing dose. In the dose range from 0.4 to 0.8 MGy, G(H 2 ) is equal to 3.7. Above 0.8 MGy, the observed decrease of G(H 2 ) is explained by propane consumption and by all possible reaction paths. Figure 3 also shows that the G-values of formed hydrocarbons (methane, ethane, ethylene and n-butane) are quite constant with increasing dose. These observations are the same for butane, butene and gas mixture radiolysis. Another one may be the use of different methods of dosimetric measurements.
3.3.Pressure effect on hydrogen and hydrocarbon formation
Propane and butane were irradiated at room temperature at the absorbed dose of 0.6 MGy.
Irradiations were carried out between 1000 and 480 mbar for propane and 1000 and 350 mbar for butane. Figure 4 shows the dependence of the G-values (for hydrogen and some hydrocarbons formed during propane radiolysis) as a function of the propane pressure. We observe the same effect for all formed products: the G-values are independent of the propane pressure in the range from 1000 to 480 mbar. The same effects are observed for the n-butane radiolysis.
Effect of butene addition on the radiolysis of propane
In the following experiments, various propane and butene mixtures were irradiated at atmospheric pressure with an absorbed dose of 0.6 MGy and a constant dose rate.
In figure 5 , 
Conclusions and perspectives
As a conclusion, the extracted beam line is operational at IPN Lyon for irradiation studies, under gas or liquid phase [9] .
irradiation parameters on the production of hydrogen and hydrocarbons during propane radiolysis.
Those results are preliminary, as identification and quantification of higher hydrocarbons than nbutane are in progress. We also consider irradiating propane with α-particles in order to compare radiolytic yields of hydrogen and hydrocarbons to those obtained with protons.
In order to better understand the radiolysis mechanisms in propane, n-butane, butene and mixture of propane and butene, we could study the effect of electron scavengers such as N 2 O, radical scavengers like NO or O 2 and ion scavengers such as deuterated hydrocarbons. 
